Quantum dots (QDs) are a class of nanomaterials with good optical properties. Compared with organic dyes, QDs have unique photophysical properties: size-tunable light emission, improved signal brightness, resistance against photobleaching, and simultaneous excitation of multiple fluorescence colors. Possessing versatile surface chemistry and superior optical features, QDs are useful in a variety of in vitro and in vivo applications. When linked with targeting biomolecules, QDs can be used to target cell biomarkers because of high luminescence and stability. So QDs have the potential to become a novel class of fluorescent probes. This review outlines the basic properties of QDs, cell fluorescence labeling, and tumor diagnosis imaging and discusses the future directions of QD-focused bionanotechnology research in the life sciences.
Quantum dots (QDs) are a kind of semiconductor fluorescent semiconductors, which have gained attraction in recent years by scientists as a novel fluorescent probe [1] [2] [3] [4] [5] [6] . Compared with conventional organic fluorescent probes, QDs have shown great potential to be fluorescent probes and images in biology because of their unique optical properties [7] [8] [9] [10] [11] [12] [13] [14] [15] . Alivisatos and Nie employed QDs as fluorescent probes in biological staining and diagnostics that provided a novel study to display QDs as labels for cell and tissue research [16, 17] . In recent years, QDs have been widely used in many fields of life sciences as fluorescent markers [18] [19] [20] [21] . Herein, we briefly review the basic properties of QDs and the application of functionalized QDs as fluorescent probes in biological systems.
The unique properties of quantum dots
QDs have unique optical and electrical properties due to its quantum effect and size effect. When the size of a particle is of nanometer scale, it will cause quantum confinement effect, size effect, dielectric confinement effect, macroscopic quantum effect, and surface effect. Consequently, QDs exhibit many optical properties different from macroscopic materials, and they have a very broad application prospects in biological fluorescent probes and functional materials. Therefore, QDs will have a meaningful effect on the continued development of life sciences [22] [23] [24] [25] [26] [27] [28] .
Quantum dots have unique optical properties
QDs have gained attraction owing to their unique fluorescence properties, which are due to the electron-hole and the interaction with the surrounding environment. When the excitation level of photon exceeds the band gap, the QDs will absorb photons to make the electrons transit from the valence band to the conduction band and shine. And if the composition and size of the QDs changed, they could obtain the emission spectra within the range from blue to red [29] [30] [31] . Conversely, when we want to obtain a variety of colors from multifarious fluorescent dyes, we often need a variety of excitation light, which not only increases the experimental costs but also makes the analysis system more complex. In addition, because of the optical properties of QDs, we can select more appropriate excitation wavelengths from their successive excitation spectra, which minimize the autofluorescence of biological samples to improve the resolution of the results (Figure 1 ) [32] .
Quantum dots have large stokes shift
Compared with the organic dyes, QDs have a larger stokes shift. Thereby, the spectroscopy detection can be achieved at a low signal intensity, which makes the fluorescence detection easier [7] . Biomedical organs usually have strong autofluorescence, and organic fluorescent dyes usually have a small stokes shift. A filter must be used when organic fluorescent dyes act as a fluorescence detector, which will greatly weaken the output intensity of fluorescence, and the detection signal will usually be covered by the autofluorescence of organs. Nevertheless, the fluorescence signal of QDs is able to overcome the impact of the autofluorescence and can be clearly distinguished from the background [33, 34] . The fluorescence emission spectra of QDs are relatively narrow and can show different colors simultaneously without overlapping. So the fluorescence of different components can be marked simultaneously in experiments to obtain multicolor images (Figure 2 ) [35] .
Quantum dots have strong fluorescence intensity and high stability and strong resistance ability to photobleaching
The fluorescence intensity of QDs is 20 times higher than the commonly used organic fluorescent dye Rhodamine 6G, and the stability of QDs is above 100 times than that of Rhodamine 6G, and at the same time, QDs have strong ability to resist photobleaching [35] . The photobleaching is a phenomenon that the luminescent material decomposes due to optical excitation, leading to the decrease of fluorescence intensity. However, the photobleaching rate of organic fluorescent dyes is very fast, and organic fluorophores will start irreversible light chemical reaction with light stimulates, resulting in a loss of fluorescence, yet the photobleaching rate of QDs is much lower. For example, the fluorescence intensity of modified CdSe/ZnS QDs hardly diminished at 500 mW, 488 nm excitation for 14 h [32] . Based on the high photochemical stability of resisting photobleaching, the cells and organs labeled by QDs can be observed for a long time ( Figure 3 ) [36, 37] , unlike the traditional organic fluorescent dyes, which are prone to fluorescence quenching. This also provides a powerful tool for the study of long-term cellular interactions between biological molecules [38] .
Quantum dots have long fluorescence lifetime
The fluorescence lifetime of typical organic fluorescent dyes is only a few nanoseconds (ns), which is similar to the decay time of autofluorescence of biological samples. While the fluorescence lifetime of QDs can sustain tens of nanoseconds (20 to 50 ns), which makes the fluorescence of QDs still persist and obtain fluorescence signals without background interference when the majority of the auto-fluorescence background has been attenuated after a few nanoseconds of light excitation [39, 40] .
Quantum dots have good biocompatibility
The chemically modified QDs are less harmful to organisms with good biocompatibility and low cytotoxicity. And it is easy to achieve QD surface functionalization of specific connection and biological labeling and detection in vivo after a variety of chemical modifications [41] .
Since the surface chemical properties of the same kind of fluorescent nanoparticles of different sizes are very similar, the chemical modification method for particles of one size can also be applied to other sizes of particles, making it easy to obtain a series of fluorescent marking materials of the same surface-modified structure but of different optical properties, which greatly simplifies the biochemical modification process of fluorescent probes [42] . In addition, QDs are of good spatial compatibility, a QD can simultaneously couple two or more biological molecules or ligands, so QDs can be used to prepare multifunctional materials for detection and imaging [43, 44] . Because of these unique optical properties, QDs can be used as ideal fluorescent probes [45] . And instead of organic fluorescent dyes, QDs will play an important role in the study in the cellular location, signal transduction, intracellular molecular movement, and migration [46, 47] .
The applications of quantum dots in cell labeling and imaging
The most promising application of QDs is that they can be used as fluorescent probes in biological systems. QDs made of different materials coupled with biological molecules can replace a lot of fluorescent dye molecules and play a significant role in cell biology research. And the light stability of QD markers makes long-term tracking of biological molecules possible, using the labeling technique [48, 49] .
In the biomedical field, one of the earliest and most successful applications of QDs is in cell biology research; for example, QDs can be used as cell surface markers and intracellular markers [11] . Cell surface markers are obtained by specifically binding QDs with biomolecules to cell surface by streptavidin-biotin system, and the QDs are indirectly marked on cell surface. Based on the fact that green silanized QDs have the characteristics of high affinity with nuclei, Alivisatos et al. directly marked murine fibroblast cell nuclei using the QDs [50] . Taking advantage of electrostatic interactions, they connected avidin to the surface of red silanized QDs and labeled QDs to the F-actin on cell surface by the specificity of biotin-avidin. So, for the first time, the two-color QDs marked individual cells simultaneously.
In recent years, the application of QDs has been further widened in cell biology research, and the application in living cells is particularly noticeable [51, 52] . Gerion et al. for the first time made the QDs and labeled molecule complexes enter the nuclei by transfection. In the experiment, QDs and T-antigen nuclear localization signal (NLS) of SV40 (simian virus 40) were combined and entered living cells after transfection. The motor process of the complexes from the cytoplasm to the nucleus was monitored by the fluorescence imaging system. After observation for more than a week, they found that QDs had no negative effect on the cells, and the accumulation of the complexes was in the nuclei [53] . In this work, QDs were for the first time used for real-time observation of biological phenomena in the nuclei for a long time, which offers a new non-cytotoxicity imaging technique to study the exchange mechanism and processes in nucleus. Meanwhile, Simon et al. also labeled living cells using CdSe/ZnS QDs, which did not affect the growth of normal cell and cell signaling (Figure 4 ) [32] . QDs mainly enter the cells by endocytosis, and the fluorescence performance of QDs in the cells can last over a week and does not affect cell morphology. Based on these progresses, we can achieve the purposes of long-term observation and the tracking of live cells marked by QDs of different colors.
Pang et al. have also made a number of breakthroughs in cell labeling and imaging research. For example, as an intracellular indicator, CdSe QD fluorescence was successfully used in genetic techniques, and they found that the glutathione metabolic pathway is important for the biosynthetic yield of CdSe QDs. And compared with the wild-type strain, the glutathione metabolic mutant strains showed significantly decreased fluorescence intensity and biosynthetic yield of CdSe QDs ( Figure 5 ) [54] . Gao et al. realized five colors at a time with excitation by a single wavelength of light, namely, cyan QDs labeled nuclei; magenta QDs labeled Ki-67 protein; orange QDs marked mitochondria; green QDs labeled microtubules; and red QDs labeled actin ( Figure 6 ) [55] . However, common markers and fluorescent dyes do not have the above features, so QDs have broad biological applications. Our group modified arginine β-cyclodextrin (β-CD) to the surface of QDs and got more evenly distributed QDs with smaller sizes, good solubility, good stability, and biocompatibility. Besides, the functionalized QDs have relatively good optical performance in aqueous solution. From Figure 7 , we can see that the QDs can enter the cytoplasm of living ECV-304 cells to label the cell [56] . In addition, we synthesized folate receptor-targeted QDs with lower toxicity, good biocompatibility, good optical performance, and smaller sizes, using targeting folic acid (FA) molecule directly to bind the QDs surface. The experiment results of cellular localization with transmission electron microscopy and confocal fluorescence microscopy showed that the folate receptor-targeted QDs can effectively recognize folate receptor-overexpressed cancer cells through folate receptors and can be distributed within lysosomes (Figure 8 ) [57] .
The applications of quantum dots in tumor diagnostic
The optical imaging technique based on fluorescent probes with QDs is a sensitive, non-ionizing, inexpensive technique, and it has great potential for early diagnosis of cancers [58] . Significant heterogeneous subtypes that have to be considered for proper drug treatment were determined depending on the tumor regions of breast cancer patients. Song et al. have successfully presented QD-based quantitative high-content imaging cytometry as a new model for breast cancer prognosis and classification [59] . In their experiments, four different receptors, epidermal growth factor receptor (EGFR1), HER2, estrogen receptor (ER), and progesterone receptor (PR), were conjugated to maleimide-functionalized quantum dots. And the four different QD-antibody conjugates (QD525-EGFR1, QD565-HER2, QD605-ER, and QD655-PR) were used as QD immunoassay probes for the subtype classification of biopsied samples from breast cancer patients ( Figure 9 ). Moreover, our group synthesized β-CD/ GA-functionalized QDs, which led to improved antitumor [54] . Figure 6 The multicolor imaging of fixed human epithelial cells using five different color QDs [55] .
activity and induced apoptosis in hepatocarcinoma cells ( Figure 10 ) [60] .
Cervical cancer is one of the most fatal diseases, and researchers are actively developing methods of early diagnosis and treatment. Currently, QDs have been successfully applied to tumor imaging at the cellular level. Rahman et al. [61] combined overexpression SiHa cervical cancer cells of epidermal growth factor receptor (EGFR) with the monoclonal antibody of biotinylated EGFR and found that the fluorescence intensity of the experimental group was significantly higher than that of the control group after being irradiated by two kinds of excitation light of the confocal fluorescence microscopy. And the tumor cells could be identified from the full organization by the QD probes, which have a more competitive advantage than the traditional contrast agents. It proved that QD probes can detect cervical cancer at the molecular level, which provides a new way for early diagnosis of cervical cancer. The strong fluorescent stability of QDs also shows superiority in research on living animal. In recent years, Ren et al. have reported CdSeTeS QDs modified with alpha-thioomega-carboxy poly(ethylene glycol) (HS-PEG-COOH), and the modified QDs were linked to anti-epidermal growth factor receptor (EGFR) antibodies [62] . QDs with the EGFR antibodies as labeling probes were successfully applied to targeted imaging for EGFR on the surface of SiHa cervical cancer cells through conjugation of QDs with the anti-EGFR antibodies. These preliminary results indicated that CdSeTeS QDs can become useful probes for in vivo targeted imaging and clinical diagnosis. 
Conclusions
With the development of nanotechnology and the improvement of QD marking technology, QDs are increasingly showing its great value and good prospects, especially in the optical and biological aspects, due to their unique physical and chemical properties. Certainly, far more than this, QDs are also a powerful tool for drug screening. QDs will become the most promising fluorescent markers; for example, QDs show great potential for cell imaging, fluorescence immunoassay, etc. Especially, QDs have made great progress in the cellular imaging in recent years, showing far more advantages than the traditional organic dyes. The technology of using QDs as fluorescent markers of living cells is gradually becoming mature, diverse, and practical. It can be predicted that the QD fluorescence technology will open up new horizons for researches in complicated life phenomena of living cells.
